Introduction
Regulations of Diesel engine emissions have become stricter, and satisfying simultaneously the emissions legislations and the desired engine drivability objectives is a particularly challenging issue. Although significant improvements were made over the past years, there are still many technical issues that need to be addressed in order to meet the future regulation laws on emissions. The introduction of sophisticated alternative combustion modes such as homogeneous charge compression ignition (HCCI), low temperature combustion (LTC) and premixed controlled compression ignition (PCCI) offers a great potential to reduce the engine emissions levels (Akihama et al., 2001; Alriksson and Denbrantt, 2006; Ryan and Matheaus, 2003) . However, these new modes require specific fueling strategies and in-cylinder conditions, thus creating the need for more complex, reliable and precise control systems and technologies.
2 Dual-loop exhaust gas recirculation (EGR) with both high (HP) and low-pressure (LP) recirculation is one of the new strategies that can provide the appropriate conditions for multiple combustion modes (Hribernik, 2002) . Indeed, the total in-cylinder EGR amount as well as the ratio between the high-pressure EGR (HP-EGR) and the low-pressure EGR (LP-EGR) allow controlling efficiently the in-cylinder combustion and the engine-out emissions. The air fraction regulation in the intake manifold is an effective way to control the in-cylinder EGR conditions (Ammann et al., 2003; Chauvin, Corde and Petit, 2006) . Moreover, for engines with dual EGR systems, the air fraction upstream of the compressor provides the LP-EGR rate while the air fraction in the intake manifold provides the total EGR rate. Therefore, if the air fractions at each section of the engine air-path are well regulated, then the HP and LP-EGR can also be efficiently controlled. However, ensuring the adequate in-cylinder conditions is still a particular difficult task, since the introduction of the EGR implies to design efficient controllers despite the lack of measurements for the EGR flow rates and air fraction.
The control of the air fraction in the engine intake manifold has been exhaustively investigated for HP-EGR engine architectures as reported in (Chauvin et al., 2008; Wang, 2007; Herceg et al., 2006) , among other references. The air fraction control for engine with dual-loop EGR has been considered in (Grondin, Moulin and Chauvin, 2009 ) to manage either the HP-EGR or the LP-EGR and in (Yan and Wang, 2011) , a cooperative dual-EGR control methodology has been proposed based on a singular perturbation methodology. However, to the best of our knowledge, the control of air fraction in the intake manifold together with the EGR proportion has been significantly less explored in the literature.
In this work, we address the problem of controlling the air fraction as well as the EGR proportion in dual-loop EGR architectures by means of an industry-oriented state feedback control. We reformulate an air fraction model to obtain the required EGR proportion as a system input. Then, this modified model is expressed in an LPV form by defining the LP-EGR mass flow rate in terms of a virtual input that allows canceling out some additive terms. Based on the LPV model, an optimal LPV-LQR state feedback air fraction controller is designed. The controllability of the LPV system is verified for all the varying parameters that belong to a prescribed parameter convex set. The effectiveness of the air fraction control is evaluated on an engine model that has been validated experimentally. This paper is organized as follows: in Section 2, we begin with a description of the engine air-path, its main components and the fundamentals of its operation. In Section 3, we present the model considered for the design of the air fraction controller. In Section 4, the air fraction model is expressed as a LPV system and controllability results are obtained in order to formulate the LQR-LPV state feedback control consistently. Finally in Section 5, the performance of the controller is evaluated in simulation by means of engine cycles with strong transient conditions.
Dual-loop Diesel Engine Air Path
The engine air-path architecture considered in this work is based on a modern light-duty fourcylinder Diesel 1.6 liter engine with dual-loop exhaust gas recirculation (EGR) and variable geometry turbine (VGT). Its schematic is given in Figure 1 . The engine shown in Figure 1 is equipped with a dual-loop EGR system (high-pressure and lowpressure EGR valves), a variable geometry turbocharger and exhaust-treatment systems such as a Diesel particle filter (DPF) and Diesel Oxidation Catalyst (DOC). The burnt gases from the exhaust manifold are feedback into the intake manifold by the HP-EGR. This configuration reduces the turbine flow and thus its power. Furthermore, the HP-EGR has a faster settling time and gives better HC and CO emission reduction than the LP-EGR (Bression et al., (2008) ). With the LP-EGR, the burnt gases are taken downstream of the exhaust after-treatment systems and reintroduced upstream of the compressor, thus allowing the supercharging system to operate optimally. Nevertheless, the settling time of the air fraction in the intake manifold is longer than with the HP-EGR. The dualloop EGR configuration combines the advantages of the HP-EGR and the LP-EGR. Indeed, the mixing of hot HP-EGR gas and cold LP-EGR gas can be set to reach the optimal temperature regarding the HC-CO emission reduction. A prioritization of HP-EGR can be performed when short air fraction settling time is required while the LP-EGR can be prioritized when supercharging performance is needed.
The turbocharger with a variable geometry turbine provides two main benefits: to extend the alternative combustion domain at high EGR levels and to increase the engine power by augmenting the quantity of the air mass in the cylinders at high engine loads. VGTs are of particular interest for advanced Diesel powertrains since they have the potential to provide an accurate control of the pressure difference across the engine, as well as very quick response during engine transients. The HP-valve allows increasing the HP-EGR rate at light load, reduces the air mass flow rate during the DPF regeneration phases and blocks the air flow when operating the start-stop system. The HPCooler increases the gas density, which stabilizes the combustion and increases the mass inside the cylinders. The universal exhaust gas oxygen (UEGO) sensor is installed downstream of the VGT to 4 avoid high pressures at this location. The LP-EGR systems includes an EGR valve, an EGR cooler and the exhaust valve (denoted as EXH) necessary to create the required pressure drop in the LP-EGR system to ensure EGR flow.
Air Fraction Model
Similarly to the zero-dimensional models proposed in (Wang, 2008; Chauvin, 2009; , the dynamics of the air fraction along the engine air-path can be approximated by:
where p, T, F and V stand for pressure, temperature, air fraction and volume, respectively, and the indexes im, em, uc, de and air correspond to the intake manifold, exhaust manifold, upstream of the compressor, between the compressor and the HP-valve and the fresh air conditions, respectively. For example, is the air fraction between the compressor discharge and the HP-valve. r is the specific gas constant, PCO is the stoichiometric air to fuel ratio and and are the mass flow rates of fuel, fresh air, engine admission and HP and LP-EGR, respectively. According to the engine presented in Figure 1 , the only measured state in (1) - (4) is (UEGO sensor). Note that and are measured directly in the engine.
Since the EGR proportion is essential to set the optimal temperature regarding the HC-CO emission reduction and to modify the air fraction settling time, we rewrite the dynamics of the air fraction (1) -(4) in terms of this variable.
The EGR proportion is defined as follows: (5) where Using (5) and parameterzing the system (2) -(4) gives:
where (9) Note that the system (6) - (8) is non-linear since the control inputs and multiply the states. This issue is addressed in sequel by using an LPV approach. The dynamics of the air fraction in the exhaust manifold are not considered for the air fraction control since is measured in productions engines and thus it can be considered as an exogenous input. For small EGR proportions, the LP-EGR mass flow rate becomes also small, making it harder to measure or estimate. Moreover, as the LP-EGR vanishes, the model (2) -(4) reduces to (4). For this reason we consider for dual-loop EGR operation that the variation range of is between 0 and 4, (equivalent to ). If only HP-EGR is required, a classical HP-EGR air fraction control can be used. Figure 2 shows the air-path control architecture considered in this work. The left part corresponds to the engine mapping resulting from a complex calibration phase, not detailed in this work. The pressure, air fraction and EGR proportion set-points in the intake manifold and , respectively) are mapped according to an indicated mean effective pressure (IMEP) setpoint imposed by the driver and the measured engine speed specifies the EGR proportion that must be applied. The inputs associated with the air fraction controller are the set-point of the air fraction in the intake manifold, the EGR proportion set-point, the measurements taken in the engine and the estimated air fractions at each section of the air-path. The estimation of the air fraction along the engine air-path is performed with the observer presented in . The outputs of the air fraction controller are the HP and LP EGR mass flows rates, which are then transformed into valve position by means of the Saint-Venant equations (Wang, 2007). 6 To control the air fraction in the intake manifold, we define the air fraction error in each of the airpath sections as: (10) where the index stands for set-point. Taking into account that the dynamics of (10) are given as follows: (11) (12) . (13) To cancel out the additive terms of (11) -(13) (namely the last two terms in both equations), we define a virtual control input and the air fraction set-point as follows:
Air Fraction Control
Equations (14) and (15) allow writing the system (11) -(13) in the following LPV representation:
where is a varying parameter vector that takes values in a parameter space , the amount of varying parameters, , and . The LPV state matrices of (16) are given as: (17) where the varying parameters are defined as:
. (18) The aim of this section is to find a state feedback control of the form:
where is such that system (16) is stabilized and a quadratic performance criterion minimized for all An LQR approach has been chosen to design the state feedback control gain for its good stability properties as well as its inherent robustness with respect to model uncertainties (large gain and phase margins are intrinsically obtained by an LQR formulation (Zhou, Doyle and Glover, 1995) . We consider the LPV-LQR formulation given by the following theorem.
Theorem 1: (Anderson and Moore, 1971 
is minimized for all
With Theorem 1, an optimal state feedback control (with respect to (23)) can be found as long as the LPV matrices have continuous entries, condition (22) is satisfied and the pair is completely controllable over the convex parameter set .
To ensure that the matrices have continuous entries, the following constraints are set on the signals processing:
• the and are filtered in order to avoid unfeasible trajectories and discontinuities on the parameters;
• the air-path measurements and estimations are continuous.
This allows considering the parameter vector to be continuous for all and therefore obtaining continuous entries for the LPV matrices and . To satisfy (22), the matrix of (21) is initialized with the following algebraic Riccati equation: (24) 8 which ensures that is symmetric positive definite and that (stability at Verifying the controllability of the pair is not always an easy task since the system properties depend on the variation of the system's parameters. However, there are available tools to verify the controlability of LPV systems over a defined convex parameter set, which allows guaranteeing the existence of a stabilizing control for all .
In a general case, the vector consists of varying parameters where each varying parameter is bounded by a minimum and maximum value and . The admissible values of the vector are constrained in a hyperrectangle in the parameter subset with vertexes . The images of the matrix for each vertex correspond to a set . The components of the set are the extrema of a convex polytope which contains the images for all admissible values of if the matrix depends linearly on (Angelis, 2001 ).
More precisely, the polytope is defined as follows: (25) and the equivalent linear polytopic representation of (16) 
For further details on polytopic models refer to (Angelis, 2001; Bernussou, Peres and Geromel, 1989; Boyd et al., 1994) . The bounds and can be experimentally established by calculating the maximum and minimum of the parameter vector over a representative operating range of the engine. To verify the controllability of (16) over the convex set (polytope formed by the extremities of the parameters (18)), consider the following theorem.
Theorem 2: (Angelis, 2001). The n-dimensional polytopic system (26) is controllable if and only if
9
The results of Theorem 2 allows verifying numerically the controllability of (16) since the parameter vector is known from the engine parameters, measurements and estimations available in production engines. This is particularly interesting because it can be easily verified by a technician. Thus, fulfilling the three requirements for the existence of the state feedback control for all .
A polytopic LQR controller could be a natural strategy to control system (16). However, due to the amount of varying parameter as well as the size of the resulting polytope, an LQR gain-scheduled polytopic control or a robust LTI-LQR control, such as the ones proposed in (Angelis, 2001 ) and (Olalla et al, 2009) , respectively, give conservative controller gains with poor performance (this is illustrated in Section 5). The implementation of (22) can be done by using an Euler method and the calibration of the control can be easily carried out by fixing the ratio between and (appropriate for technicians), which is of significant importance for industry-oriented applications.
Air Fraction Controller Results
In this section, the performance of the air fraction controller is evaluated on an engine air-path model validated with a benchmark. The validation of the reference model has been done using 147 engine operating conditions at steady-state and in transient conditions using the new motor vehicle emissions group (NMVEG) cycle as well as with two additional engine cycles. An error of less than (with respect to the benchmark measurements) has been obtained for most of the operating conditions, which allows considering the model to be representative of the engine. The model validation results are not presented in this work due to space limitations.
Our controller is evaluated using three different EGR proportions and with strong engine transient conditions. The simulations are performed using the air fraction estimator developed in for the state feedback control (according to Figure 2 ). The bounds of the varying parameter vector defined in (18) are found using the measurements of the engine benchmark over representative engine operating conditions. The obtained parameter limits are presented in Table 1 Figures 3 -7 . A 5ms time step is used in the simulation, which is the same as the one used in the vehicle embedded control.
Remark 1:
The calibration of and are typically left to be calibrated by the engine calibration engineering since their values is set depending on the results in the emission cycles, drivability tests, etc. In Figure 3 , we depict the air fraction in the intake manifold for the EGR proportions , and . The air fraction tracks the reference following a smooth optimal trajectory for the three EGR proportions as expected from the LQR formulation. We see that the air fraction controller responds efficiently even during strong variations on the engine operating conditions. The EGR proportions are respected by the controller, as can be seen in Figures 4 and 5 where the corresponding EGR mass flow rates are depicted. For smaller EGR proportions, the desired air fraction is reached faster as more HP-EGR is used; while for larger EGR proportions, the time response is slower due to an increased use of the LP-EGR path. Figures 6 and 7 present the EGR valves positions. Note that the valve positions are not proportional to the EGR mass flow rates, which is a consequence of the non-linearities associated with the Saint-Venant equations. To illustrate the advantages of using the LPV-LQR control over an LTI approach, a performance comparison between a robust LTI-LQR controller (e.g. Feron, Boyd and Ghaoui, 1992) and the LPV-LQR approach is provided in Figure 8 . The LPV-LQR is significantly more effective as the LTI presents large tracking errors, slower time responses and oscillations that can cause instabilities in the engine air-path. Indeed, as can be seen in Figure 8 , the LTI control approach does not allow to reach the setpoint in some operating points, the settling time is above 1 second and the over and undershoots can be as big as 70%. On the other hand, the simulation results show that our air fraction controller, together with the air fraction observer proposed in provide an efficient solution for the regulating dual-loop Diesel engines since a good tracking of the air fraction set-point is obtained while adequate EGR proportions are ensured.
Conclusions
In this paper, an LPV representation of a physical model of the air fraction dynamics in a dual-loop EGR Diesel engine was considered for control purposes. We first formulated a model with the EGR proportion as a system input. A virtual control input was then defined to cancel out some additive terms, which allows obtaining an appropriate air fraction LPV representation. An LPV-LQR approach could thus be applied to control approach the air fraction in the intake manifold and was shown to be more efficient than an LTI-LQR approach for the engine considered. The existence of the optimal control is ensured by the complete controllability of the LPV system which is verified using a polytopic formulation. The controller performance has been evaluated using as a reference, an engine model previously validated with experimental measurements. The simulation results are promising and motivate future steps toward implementation.
Controlling and observing the air fraction while taking into account the mass transport time is a natural extension of this work, since this phenomenon causes a systematic degradation of the engine emission performance. A first approach toward solving this issue has been addressed in (Castillo et al. 2012; ).
